To enable specific and tightly controlled gene expression both in vitro and during the intracellular lifecycle of the pathogen Listeria monocytogenes, a TetRdependent genetic induction system was developed. Highest concentration of cytoplasmic TetR and best repression of tetO-controlled genes was obtained by tetR expression from the synthetic promoter Pt 17 . Anhydrotetracycline (ATc) as inducer permitted concentration-dependent, fine-tuned expression of genes under control of the tetO operator and a suitable promoter. The actin-polymerizing ActA protein represents a major virulence factor of L. monocytogenes, required for actin-based motility and cell-tocell spread in infected host cells. To be able to observe its spatial and temporal distribution on intracellular L. monocytogenes cells, conditional mutants featuring actA placed under TetR control were used to infect PtK2 epithelial cells. Following induction at different time intervals, the subsequent recruitment of actin by L. monocytogenes could be monitored. We found that cells displayed functional ActA after approximately 15 min, while formation of polarized actin tail was complete after 90-120 min. At this point, intracellular motility of the induced mutants was indistinguishable from wild-type bacteria. Interestingly, de novo ActA synthesis in intracellular Listeria also demonstrated the temporal, asymmetric redistribution of the membrane-anchored proteins from the lateral walls toward the cell poles.
Introduction
Listeria monocytogenes is a Gram-positive, non-spore forming rod, and a facultative intracellular pathogen causing listeriosis, a severe disease characterized by meningitis, meningoencephalitis, and perinatal infections (Farber and Peterkin, 1991; Kocks et al., 1993; Hamon et al., 2006; Cossart and Toledo-Arana, 2008) . L. monocytogenes mainly infects immuno-compromised individuals, and the infection is almost exclusively transmitted via contaminated food (Farber and Peterkin, 1991; Toledo-Arana et al., 2009) . The pathogenicity mechanisms and virulence of L. monocytogenes have been intensively studied (Hamon et al., 2006; Toledo-Arana et al., 2009) . In addition, the bacterium became a model organism for cellular microbiology, and is an interesting candidate for various applications, including live vaccine development (Le et al., 2012; Qian et al., 2012) . Because L. monocytogenes also features a saprophytic lifestyle, much effort is currently being undertaken to understand the ecology of Listeria in the environment (Freitag et al., 2009) . Examples include the interaction with predatory protozoa and its ability to escape into a cell wall deficient L-form state (Deuschle et al., 1995; Markova et al., 1997; Dell'Era et al., 2009) The molecular study of bacteria largely depends on the availability of genetic tools. To manipulate L. monocytogenes, several tools are available for standard cloning, single copy gene expression (Lauer et al., 2002) , generation of genetic knock-outs (Chakraborty et al., 1992; Smith and Youngman, 1992) , and transposon mutagenesis (Zheng and Kathariou, 1994) . Only very few systems have been described for inducible expression of target genes. Examples include (i) plasmid pLIV and derivatives, which use the LacI repressor and isopropyl-b-D-1-thiogalactopyranoside (IPTG) based induction (Dancz et al., 2002) and (ii) more recently, plasmid pLF1, which employs the P rha promoter that can be induced by rhamnose (Fieseler et al., 2012) . However, the use of these systems is restricted to in vitro cultures, as they are not suitable for induction during the intracellular state of the pathogen.
Gene expression controlled by the tetracycline repressor TetR is a very versatile tool in studying gene function (Berens and Hillen, 2003; Bertram and Hillen, 2008) . TetR is an allosteric DNA binding repressor with high affinity. In E. coli, it strictly controls expression of the major tetracycline (Tc) resistance determinant TetA (Chopra and Roberts, 2001) . The highly specific binding of TetR to its operator sequence tetO is very sensitive to the intracellular concentration of Tc or derivatives thereof, such as the less toxic anhydrotetracycline (ATc) (Gossen and Bujard, 1993) . In its active form, TetR associates with the tetO operator as a dimer, thereby preventing transcription of tetA. If Tc or ATc is present, it binds to TetR, leads to conformational changes, dissociation of TetR from tetO, and concomitant expression of one or more downstream genes (Hillen et al., 1983; Hillen and Berens, 1994) . Because of the strict transcriptional control, and the intracellular passage of the inducer molecule, tet-based regulation is especially useful for in vivo studies (Bateman et al., 2001) . Tet-systems have been reported for numerous organisms, including bacteria and some eukaryotes Hillen, 2003, 2008) . For Listeria, a tet-system for plasmid counter-selection has recently been described (Abdelhamed et al., 2015) , but it had not been developed for genetic control of target genes and generegulation of in L. monocytogenes during the intracellular state.
In Listeria, the switch between saprophytic and virulent life styles is largely controlled by the positive regulatory factor PrfA (Freitag et al., 2009) , which specifically activates expression of the primary virulence factor genes inlA and inlB (encode internalins), hly and plcA (listeriolysin O and phospholipase C), and actA (actin polymerizing protein) (Bohne et al., 1994 , Lingnau et al., 1995 . ActA, first described a quarter century ago , is a membrane-anchored protein, and asymmetrically located to a single cell pole of intracellular L. monocytogenes (Kocks et al., 1993; Friederich et al., 1995) . In concert with several recruited host cell proteins, ActA polymerizes cellular g-actin and produces f-actin filaments (Welch et al., 1998) , which enable intracellular actin-based motility of the bacteria in infected host cells, cell-to-cell spread to other cells, tissues, and organs (Kocks et al., 1992, Rafelski and Theriot, 2006) . Interestingly, ActA shows a polarized distribution, with less protein present at the newly formed septal cell wall compared to the posterior cell pole. Correct positioning of ActA was proposed to result from differential cell growth rates, protein secretion and degradation during growth (Rafelski and Theriot, 2006) . Although models for the distribution of membraneanchored proteins across the cell have been proposed for Listeria and other bacteria (Rafelski and Theriot, 2006; Bruck et al., 2011) , the details on ActA reorganization and establishment of asymmetric, polarized protein distribution in Listeria remain to be elucidated.
Toward our aim to develop a versatile gene expression system for both extracellular and intracellular Listeria monocytogenes, we report a plasmid-based TetRcontrolled expression system with stringent regulation properties, specifically designed for tightly controlled intracellular induction of target genes. We used the system for induction of expression of actA during the intracellular lifecycle of Listeria, and show that ActA is initially distributed evenly among the cell surface, and subsequently distributed to the bacterial cell pole in an asymmetric pattern.
Results

Efficient TetR synthesis in L. monocytogenes
Tet-based gene regulation is one of the most efficient inducible systems for transcriptional control in bacteria (Orth et al., 2000) . Comparable to other repressorcontrolled systems such as LacI-lacO (Besse et al., 1986) , tet-regulation is proportionally dependent on the amount of repressor protein TetR and its affinity to its operator site tetO (Orth et al., 2000) . Overproduction of TetR from strong promoters was reported to be detrimental to E. coli . To determine possible side effects of TetR production in Listeria, a rhamnose inducible promoter P rha (Fieseler et al., 2012) and a strong and constitutive synthetic promoter termed Pt 17 were evaluated. Plasmid pLF1 featuring P rha (Fieseler et al., 2012) provided a rhamnose-inducible expression system for tetR expression (Supporting Information Figure S1 ). Tight repression in this system permitted intermediate cloning of tetR in E. coli, whereas for cloning and insertion of Pt 17 tetR, ligation reaction products were directly transformed into L. monocytogenes cells. Following transformation of plasmids designed for either rhamnose-dependent inducible tetR expression (pTet(ind)) or constitutive expression (pTet(con)) (Fig. 1A) , analyses of protein extracts from L. monocytogenes demonstrated suitable concentrations of soluble cytosolic TetR. Depending on the promoter used, the amount of TetR varied significantly. Figure 1B shows that with P rha , addition of 10 mM rhamnose were sufficient for production of TetR, and 100 mM rhamnose did not further increase this level. Under Pt 17 control, tetR expression was constitutive and approximately 50-fold higher compared to P rha . Because of the need of elevated TetR repressor concentration for efficient repression, Pt 17 was chosen to drive tetR expression in the system.
Tet-regulated gene repression in Listeria
Functionality of tet-regulation in Listeria was determined using reporter strains featuring TetR-dependent expression of gfp, obtained by integration of tetO operator sites downstream of the promoter sequence, with the single copy integration vector pPL2 (Lauer et al., 2002) as carrier. To quantify TetR-transcriptional control, and to investigate the influence of tetO operator sequences on repression, expression of gfp was driven by the P flaA promoter containing a single tetO operator site, or P xyl harboring two copies of the tetO sequence ( Fig. 2A) . P flaA , the promoter of the flagellin gene flaA, was amplified from the Listeria genome and fused the palindromic tet operator sequence (ctctatcaatgatagag) by appropriately designed primers. This promoter is not temperature dependent (data not shown). The P xyl promoter drives strong and constitutive expression of the B. subtilis xyl-operon (Geissendorfer and Hillen, 1990) , and has been previously employed for Tet-regulation in B. subtilis and S. aureus (Kamionka et al., 2005; Stary et al., 2010) . Promoter strength was determined in absence of tetR. The constitutive P hyp promoter in LF005 served as A. Architecture of TetR-dependent constructs containing different promoters and either one or two tet operator sites for regulation. B, C. Comparison of promoter function under control of TetR. LF005 (positive control) and promoterless EGDe::pPL2gfp (negative control). Promoter function was determined by fluorescence microscopy (B), and quantified by measuring relative fluorescent units (RFU) (C). Scale bar: 10 mm positive control for gfp expression (Fieseler et al., 2012) , and a promoterless pPL2gfp was used as negative control. For both promoters, fluorescence was determined by microscopy ( Fig. 2B ). Quantitative fluorescence analysis confirmed that both promoters enabled strong gfp expression, comparable to or better than the positive control (Fig. 2C) .
In tet-regulated systems, a sufficient concentration of TetR is required for permanent binding to the tetO operator and tight transcriptional control. Consequently, detachment of TetR from tetO by addition of ATc allows tunable induction of gene expression (Fig.  3A) . Conversely, the (desired) highly sensitive ATc induction also requires delicate balancing of TetR amounts. The two reporter strains described above also allowed us to determine the repression and induction properties of the novel system. For this, plasmids pTet(ind) and pTet(con) were transformed into L. monocytogenes featuring pPL2 with single or double tetO upstream of promoters for gfp expression. Vector pTet(ind) permits controlled expression of tetR by rhamnose induction, whereas pTet(con) constitutively produces high amounts of TetR (see Fig. 1B ). Altogether, combination of both reporter strains with different plasmids providing TetR enabled proper evaluation of tetR-repression in Listeria.
We have shown above that addition of rhamnose to cells featuring pTet(ind) resulted in TetR production (Fig.  1B) . In this experiment, synthesis of the repressor was able to shut off gfp expression and fluorescence in a strain also containing pPL2P flaA gfp (Fig. 3B) . Addition of higher rhamnose concentrations resulted in synthesis of increasing amounts of TetR, and concomitant stronger repression of gfp expression and decreased fluorescence (Fig. 3B ). Quantitative measurement of pTet(ind) repression efficiency ( Fig. 3C ) revealed that 10 mM rhamnose reduced fluorescence approximately 80% compared to the non-induced cells. It was impressive to A. Representation of TetR regulated gfp expression. Genomic integration of pPl2P flaA gfp containing one tet operator sequence allows efficient expression of gfp. Co-production of TetR and subsequent tetO binding represses gfp expression, but can be specifically induced by adding the inducer ATc (gray stars) [adapted from (Kamionka et al., 2005) ]. Phase contrast and fluorescence microscopy of pPL2P flaA gfp containing EGDe demonstrates attenuated GFP fluorescence, mediated by increasing rhamnose concentration as inducer of TetR synthesis. In contrast, addition of 0.05 mM ATc facilitates expression of TetR-suppressed genes by direct inhibition of the repressor. B. Quantification of GFP fluorescence in rhamnose-repressed and ATc-induced bacteria. Statistical analysis was performed using students ttest [P < 0.05 (*), P < 0.01 (**)]. Scale bar: 10 mm see that addition of only 40 nM ATc to the cells was sufficient to almost completely inactivate the repressor and restore fluorescence to approximately 90% of the control. These results indicated the suitability of the TetRsystem in Listeria, demonstrated by an efficient regulatory window with strong repression and very effective induction. However, it also became evident that even with quite high amounts of rhamnose added (10 mM and 100 mM respectively), gfp was still expressed at significant levels, indicating incomplete repression by possibly insufficient levels of cytosolic TetR. To improve this situation and increase TetR concentration, the synthetic Pt 17 promoter was used. As a result, cells featuring pTet(con) driving high level, constitutive TetR production (see above, Fig. 1B) showed a complete lack of fluorescence ( Fig. 4A and B) with no ATc added. Repression efficiency was independent of the amount of operator sites within the promoter sequence. Even with very strong promoters such as P xyl , the amount of TetR produced from Pt 17 appeared sufficient for complete repression (Fig. 4B ). This finding was confirmed by quantitative measurements, which revealed more than 99% repression. GFP fluorescence could be re-established following ATc induction, in a dosedependent manner. Addition of 0.4 mM of ATc restored fluorescence to approximately 80% of the control strain (Fig. 4C) . Use of higher ATc concentrations did not yield a further increase in fluorescence, and sometimes resulted in slight growth retardation, likely due to its slight, yet inherent dose-dependent toxicity (Abdelhamed et al., 2015) .
TetR regulated gene expression in intracellular L. monocytogenes
To employ TetR-controlled gene expression during Listeria host infection, the most efficient combination of promoter and repressor was selected, based on the findings described above. In conclusion, a combination of pPL2P xyl , which permits strong expression of cloned genes, and pTet(con), which drives strong constitutive production of TetR, offers the largest linear regulatory window and maximum promoter silencing and efficient gene induction.
We used ActA directed actin polymerization as a read-out for tet-regulated gene expression in Listeria infection assays. In contrast to InlA and InlB, ActA was initially believed to be non-essential for initiation of the infection, i.e., invasion, internalization, and escape from the primary vacuole. However, since its discovery more than 25 years ago, the role of ActA has been studied in much detail, and it became clear that ActA not only drives bacterial movement and cell-to-cell spread by actin-based motility, but it can also initiate cellular TetR-dependent gene regulation in intracellular L. monocytogenes 417 uptake, support escape from the vacuole, and enhance bacterial persistence in the colon of mice (Pillich et al., 2017) . Its presence and function, i.e., recruitment of cellular actin and tail formation, can be conveniently visualized within infected host cells employing fluorescence microscopy. For the reasons above, ActA offered an ideally suited target for studying TetR regulated gene expression in intracellular L. monocytogenes. Toward this aim, ActA was expressed from a pPL2P xyl actA single-copy integration vector, and presence of pTet(-con) allowed fine-tuned regulation of actA expression by the ATc inducer (Fig. 5A ).
As illustrated in Fig. 5B , actin tails readily appeared on L. monocytogenes EGDe wild-type bacteria following their internalization into PtK2 epithelial cells (positive control), whereas the DactA knockout was unable to recruit actin from the cytosol of infected cells. Complementation of in EGDe DactA::pPL2P xyl actA, which does not produce tetR, resulted in a wild type-like behavior, i.e., cells recruited actin and formed regular actin tails. Under conditions where the TetR repressor was present (DactA::pPL2P xyl actA [pTet(con)]), no actin tails were formed, indicating efficient repression of tet-regulation also in infected cells. To determine how well TetR-based control (i.e., repression and induction) functions during the intracellular lifecycle of L. monocytogenes, we tested if actA can be specifically induced by addition of ATc at different time points (0, 2, 3, and 4 h p.i.). At 5 h p.i., all cells were fixed, permeabilized and stained, followed by fluorescence microcopy (Fig. 5B ).
Our results demonstrate that tet-regulation is suitable to induce and tune gene expression in Listeria during infection of eukaryotic host cells. Formation of actin-tails TetR-dependent gene regulation in intracellular L. monocytogenes 419 was evident in all cultures, except for the sample induced at 4 h p.i., which apparently did not leave sufficient time for actin recruitment and visible tail formation within only 1 h.
Control of intracellular actA expression reveals spatiotemporal re-distribution of ActA on the Listeria cell surface
To determine the minimum time required for de novo ActA synthesis, surface display, sorting, and actin tail formation, a time-course experiment was performed. EGDe DactA::pPL2P xyl actA [pTet(con)] was used to infect Ptk2 epithelial cells. At 2 h p.i., actA expression was induced by addition of 0.4 mM ATc, and the progressing infection monitored by fluorescence microscopy at several time points (15, 30, 45, 60 min). Wild-type EGDe served as control and showed normal motility within infected cells, while no actin recruitment was found for the non-induced actA knockout strain. As early as 15 min following ATc induction, some bacteria started to display ActA and recruited actin to their surface, as indicated by the orange fluorescence (Fig. 6A) . With longer incubation times, the effect intensified, and eventually all intracellular bacteria where homogenously covered with actin after 45-60 min. Interestingly, at 90 min post induction, a rearrangement of the surfaceassociated actin occurred, which seemed to relocate from the lateral sidewalls and division sides toward the bacterial cell poles (Fig. 6A, arrows) . This observation suggested that, following de novo synthesis of ActA, insertion into the membrane, and cell surface display, intracellular L. monocytogenes cells use a timedependent mechanism for asymmetric distribution of ActA to a bacterial pole, where the assembly of f-actin into filaments occurs. Actin-based motility and intracellular spreading of L. monocytogenes was fully developed at 120 min post induction of actA expression. This is further demonstrated by determination and quantification of the type the of actin distribution on intracellular L. monocytogenes within infected PtK2 cells (Fig. 6B) . A timedependent redistribution of actin, from cells which did not display any actin on their surface, to formation of complete tails including actin-based motility could be observed.
Discussion
The availability of systems for precise and controlled gene expression is required for functional studies on microorganisms, especially in the current post-genomic and post-transcriptomic era. Inducible gene expression also enables analysis of otherwise silenced or repressed genes and their products, even in a spatiotemporal manner. However, the systems previously available for L. monocytogenes were of limited use, because of the lack of tight control and repression, and in particular, the inability to induce target functions during the intracellular state of the pathogen (Dancz et al., 2002 , Fieseler et al., 2012 .
TetR-dependent gene regulation represents an extremely powerful tool for induction of target genes, and has been developed for several Gram-positive and Gram-negative bacteria (Bertram and Hillen, 2008) . Tetsystems feature tight and immediate control of gene expression, and are independent on the metabolic status of the cell, which is the case for frequently employed promoters such as P lac (Lutz and Bujard, 1997) , and P rha (Fieseler et al., 2012) . In this work, we established a tet-system in L. monocytogenes, and demonstrate its usefulness for tight and specific control of gene expression in this organism, both in culture and during intracellular growth.
In poorly designed tet-systems, incomplete repression of target genes may result in leaky transcription (Bertram and Hillen, 2008) . We here show that in L. monocytogenes, synthesis of TetR driven by the strong Pt 17 promoter was able to completely abolish P xyl mediated target gene expression to a non-detectable level, yet still permitting efficient induction. Quantification of a GFP reporter revealed a background of only 0.1% when P xyl was used, while no background was observed with P flaA (Fig. 4C) . Apparently, the regulatory capacities of tetsystems are highly proportional to the amount of cytosolic TetR repressor. The higher the TetR concentration, the better the transcriptional silencing and more ATc is required for induction, i.e., repressor inactivation. Due to its still present, but dose-dependent toxicity (Abdelhamed et al., 2015) , the ATc inducer can only be used up to a certain concentration in tetracycline-sensitive bacteria. This toxicity itself is likely responsible for incomplete developed fluorescence compared to the TetR negative control (Fig. 3B) , especially when high concentrations (0.4 mM ATc) are used. However, supplementation with 0.4 mM ATc also offers quantitative induction independent of the amount of TetR present in the cell (Kamionka et al., 2005) . Notwithstanding, the dosedependency at lower inducer concentration offers finetuned gene expression and protein synthesis in bacterial cells (Stary et al., 2010) , and helps to avoid common difficulties in protein localization studies, where uncontrolled transcription often results in undesired protein synthesis, formation of inclusion bodies, and other artifacts (Romantsov et al., 2010) .
To study the ability of tet-regulation to fine-tune gene expression in L. monocytogenes following infection of epithelial cells and its intracellular lifecycle, we used actA as a target. In intracellular Listeria, ActA synthesis is controlled by PrfA, and the mature protein appears located to a single cell pole (Bohne et al., 1994) . While this virulence factor is not essential for invasion, it is required and sufficient for subsequent intracellular processes such as actin-based motility and cell-to-cell spread (Kocks et al., 1992; Kocks et al., 1993) . This attribute rendered ActA an attractive candidate to study the efficiency of tet-regulation in infected host cells.
Travier et al. demonstrated another function of ActA, for aggregation and biofilm formation of L. monocytogenes in the gut, resulting in an increased dissemination of L. monocytogenes into the environment (Travier et al., 2013) . Interestingly, we also observed a tendency of cells to aggregate in cultures where actA was expressed to higher levels. Cultivation of L. monocytogenes DactA::pPL2P xyl actA [pTet(con)] with ATc induction in liquid culture resulted in visible cell agglomeration, while non-induced cells remained suspended (data not shown). In fact, aggregation and sedimentation of induced bacteria seemed directly dependent on the ATc concentration, i.e., use of 0.4 mM ATc yielded stronger aggregation and faster sedimentation compared to 0.1 mM (data not shown). These observations already suggested that ATc concentration is proportional to the level of TetR inactivation, and actA gene expression.
ActA features an asymmetrical distribution on the surface of intracellular L. monocytogenes cells (Kocks et al., 1992; Kocks et al., 1993) . It was later shown that this polarization is essential for directed actin-based motility and cell-to-cell spread (Rafelski and Theriot, 2006) . Several studies were performed to understand the processes responsible for the change from helical to polar localization of cell-wall associated proteins, including ActA (Kocks et al., 1992; Bruck et al., 2011; Rafelski and Theriot, 2006) . It is proposed that lateral insertion of new peptidoglycan guides already incorporated ActA toward the old pole. ActA localization and subsequent polymerization thereby is directly dependent on the growth rate of bacteria (Laloux and Jacobs-Wagner, 2014) . This assumption was further investigated by Siegrist et al. The study provided insights regarding the influence of actin polymerization on intracellular L. monocytogenes propagation, where actin polymerization shortens division time but also enhances non-division cell elongation, which in turn directly influences the spatial and (bi-) polar occurrence of ActA (Siegrist et al., 2015) .
Here, the control of TetR repression by ATc induction enabled us to induce de novo synthesis of ActA in intracellular L. monocytogenes cells, and to describe its spatiotemporal pattern of cell surface appearance and localization. After induction in intracellular Listeria, ActA initially appeared evenly distributed over the entire bacterial cell. Prolonged incubation times (sometimes even including intracellular multiplication) were accompanied by re-localization of ActA to the older cell pole. These findings are in line with previous reports describing the localization of de novo ActA along the length of bacteria, but not at the division site (Kocks et al., 1993; Rafelski and Theriot, 2006; Siegrist et al., 2015) . Approximately 90-120 min after induction, assembly of actin tails and intracellular motility of ATc-induced L. monocytogenes was fully developed. An earlier model proposed that polarization of ActA may be a direct consequence of the different cell wall growth rates along the bacterium, protein secretion-and degradation rate, and bacterial growth (Rafelski and Theriot, 2006) . Previous studies on ActA distribution in Listeria were performed with expression of actA before the infection started (Kocks et al., 1993) , or by direct fluorescent labeling (Rafelski and Theriot, 2006) . However, results obtained by fluorescence tagging must be interpreted with care, since permanent presence of high concentration of the tagged variants can lead to artifacts, not reflecting proper behavior of the native protein (Romantsov et al., 2010) . Therefore, tunable repression and induction of the target protein by TetR control may be more representative and better suited, especially for intracellular conditions.
A recent and very interesting research area are the attempts to employ L. monocytogenes as a model organism for development of live attenuated vaccines for human applications (Le et al., 2012; Guirnalda et al., 2012; Abi Abdallah et al., 2014; Lizotte et al., 2014; Yang et al., 2014; Miller et al., 2015) . This is a challenging task, because specially adapted, attenuated pathogens need to be able to persist intracellularly and express recombinant antigens for immune recognition, yet without negatively affecting the host organism. Moreover, synthesis of target antigens should be tightly regulated and best occur after the attenuated bacteria entered the cytosol of a host cell (Guirnalda et al., 2012) . Our findings shown here suggest that this requirement could be well met by the application of tetracycline or ATc-based induction of gene expression during live vaccination. Tetracycline is a broad-spectrum antibiotic that can easily enter human cells, and is frequently used in human therapy (Chopra and Roberts, 2001 ). In combination with suitably engineered Listeria monocytogenes, we therefore propose the TetR system as a useful tool for development of efficient live vaccine vectors.
Experimental procedures
Bacterial strains and culture conditions L. monocytogenes strain EGDe was used for all experiments and for the construction of the various mutants.
TetR-dependent gene regulation in intracellular L. monocytogenes 421
Routinely EGDe and its derivatives were cultivated in half strength Brain Heart Infusion broth (1/2 BHI) (BD-Diagnostic Systems) at 308C. Chloramphenicol (10 lg ml 21 ), erythromycin (7.5 lg ml 21 ), or rhamnose (10 mM) was added to the cultures when appropriate. Anhydrotetracycline (ATc) (Acros) was added to specifically induce gene expression under TetR control, in different concentrations. Escherichia coli XL1-blue MRF' (Stratagene) was used for cloning purposes and was routinely cultured in LB broth at 378C with the addition of chloramphenicol (10 lg ml
21
) or erythromycin (300 lg ml
). All strains used in this study and relevant features are listed in Supporting Information Table S1 .
Cloning procedures and transformation
For cloning, plasmids pPL2, pLF4, pAUL-A, and pLEB579 were used (Supporting Information Table S1 ). Plasmid pLF4 was used to place gfp expression under control of P flaA or P xyl respectively. For complementation of actA deficiency, actA was cloned under control of P xyl in pPL2. Suitability of TetR-dependent gene regulation was tested in infected PtK2 cells in vitro.
To express tetR in L. monocytogenes, pAUL-A and the rhamnose promoter P rha were used (Fieseler et al., 2012) . Both, pAUL-A and P rha , were applied to avoid background expression of tetR in E. coli, which can have severe effects on E. coli during the cloning procedure . The multiple cloning site of pAUL-A is flanked by the phage k oop RNA terminator t0, and the E. coli rrnB tandem repeat terminators T1T2 (Chakraborty et al., 1992) . In combination with P rha , background expression of tetR could be prevented. All primers used for cloning are summarized in Supporting Information Table S2 . The sequences for P rha , P flaA and actA were amplified from L. monocytogenes genomic DNA, and P xyl was amplified from pWH105 (Kamionka et al., 2005) . For the construction of a TetR dependent P flaA , the tetO sequence was incorporated into the corresponding oligonucleotide used for amplification. The tetR sequence was obtained from plasmid pWH119 (Kamionka et al., 2005) .
For amplification of the desired DNA fragments, PHU-SION DNA polymerase (Finnzymes) was used. All amplified DNA fragments and vectors were digested using appropriate endonucleases, and purified by phenol/chloroform/isoamylalcohol (25:24:1) extraction, followed by ethanol precipitation (Sambrook and Russell, 2006) . Vectors were dephosphorylated using shrimp alkaline phosphatase (Fermentas). Ligation reactions were incubated at 168C overnight, using T4 DNA ligase (Fermentas), desalted, and used to transform E. coli XL1-blue MRF' by electroporation (2.5 kV, 25 mF, and 200 X). Positive clones were identified by colony PCR using primers flanking the multiple cloning sites of vectors used. The corresponding plasmids were isolated and the inserts sequenced. Finally, selected plasmids were used to transform L. monocytogenes by electroporation (2.2 kV, 25 mF, and 200 X).
For constitutive expression of tetR, the synthetic Pt 17 promoter was used. It was amplified from pRAB2 (Stary et al., 2010) , and blunt ligated with plasmid pLEB579 (Fieseler et al., 2012) . The ligation reaction was desalted, and directly transformed into L. monocytogenes by electroporation (2.2 kV, 25 mF, and 200 X).
Expression and detection of TetR in L. monocytogenes
Under control of P rha , expression of tetR was induced by addition of 10 mM rhamnose to a growing culture of the appropriate L. monocytogenes strain. For constitutive expression, tetR was cloned under control of Pt 17 , with no need for induction. Western Blot analysis was used to quantify TetR production in L. monocytogenes. The culture was grown to mid-log phase and harvested by centrifugation (10 min, 5000 g, 48C). The pellet was washed three times in ice cold Tris-HCl (20 mM, pH 7.5), and resuspended in 250 ml thereof. The bacteria were then disrupted by silica bead beating (Fastprep FP120 Bio 101, Thermo Savant), according to the manufacturer's recommendations. The lysate was centrifuged to remove cellular debris and beads (15 min, 2000 3 g, 48C) . The supernatant was recovered and stored on ice. To determine protein concentrations, a BCA assay (Thermo Scientific Pierce) was used according to the manufacturer's instruction. The samples were then analyzed by SDS-PAGE, using 60 mg of raw protein extract. Two ng of purified TetR protein (kindly provided by W. Hillen) were loaded as a positive control. The iBlotV R Blotting system (Invitrogen) was used to transfer the proteins onto a nitrocellulose membrane. The membrane was washed twice with 1% (w/v) skim milk powder in TBS (10 mM Tris, 150 mM NaCl), and blocked overnight with 5% (w/v) skim milk powder in TBS. Rabbit polyclonal antibodies against TetR (Seqlab) were used at a dilution of 1:10,000, followed by incubation with HRP-labeled goat anti-rabbit IgG (1:2,500, Calbiochem, VWR). Labeling was visualized using the LumiGLO Reserve Substrate Kit (Bioconcept), and chemiluminescence detected using an optical sensor (Image station 2000R, Kodak).
Fluorescence assays
Expression of the gfp reporter gene was determined qualitatively with a confocal laser scanning microscope (TCS SPE, Leica), and quantitatively in a fluorescence plate reader (VICTOR 3 , PerkinElmer). For the preparation of samples, overnight cultures were adjusted to an OD 600nm of 1.0 and were washed three times with PBS prior to the fluorescence analyses. For spectrophotometry, 200 ml of the bacteria suspension were pipetted into a single well of a black 96 well plate. Each strain was analyzed in triplicates, and the experiment was independently repeated three times. An excitation wavelength of k 485nm was used, and light emission was detected at k 535nm . For statistical analyses, Student's t-test was used, with confidence intervals P < 0.05 and P < 0.01 respectively.
Cell culture, PtK2 cell infections and fluorescence labeling
Rat kangaroo kidney epithelial PtK2 cells were grown in Eagle minimal essential medium (with Earle 0 s salts and reduced NaHCO 3 , Sigma), supplemented with 1% nonessential amino acids (Sigma), 1 mM sodium pyruvate (Sigma), 2 mM L-glutamine (Sigma), and 10% fetal calf serum (FCS, Bioswisstec) (378C, 5% CO 2 ). Two days before infection, 1 3 10 5 PtK2 cells per 300 ml medium were seeded into 8-well chambers (m-slide, ibiTreat, IBIDI).
Prior to infection, L. monocytogenes were grown overnight at 378C in sterile-filtered BHI broth. The strain DactA::pPL2P xyl actA harboring pTet(con) was grown with various concentrations of ATc (up to 0.4 mM), to obtain cells featuring different actA expression levels. Cells were washed three times with pre-warmed media without FCS (infection medium), and infection was performed with 1 3 10 7 cells ml
21
. When appropriate, 10 mg ml 21 chloramphenicol and 5 mg ml 21 erythromycin was added to the culture to maintain plasmids. After addition of bacteria, infected cells were centrifuged for 10 min at 300 rpm (308C), and incubated for 2 h at 378C, 5% CO 2 . Then cells were washed three times with pre-warmed media supplemented with 10% FCS and 25 mg/ml gentamycin was added to kill extracellular bacteria. To induce actA expression, 0.4 mM ATc was then added to the culture at predetermined time points [at infection, 2, 3 and 4 h post infection (p.I.)]. Five hours p.I., cells were washed three times with pre-warmed PBS, and fixed with 3.7% formaldehyde/PBS solution for 10 min. Auto-fluorescence of formaldehyde was quenched using 50 mM Tris buffer. PtK2 cells were permeabilized for 2 min using 0.2% (w/v) Triton X-100/PBS, washed extensively with PBS, and Listeria cells labeled with GFP-CBDP35 (Schmelcher et al., 2010; Eugster et al., 2011) (60 mg/ml). Filamentous actin in Ptk2 cells was stained with Phalloidin-TRITC (0.1 mg ml
, Sigma-Aldrich), and DNA was stained with Hoechst (50 mg ml
) for 30 min at 378C. Images were recorded by confocal laser scanning microscopy (TCS-SPE, Leica).
To monitor ActA localization in intracellular L. monocytogenes, infection was performed as described above, without induction of actA expression. Two hours p.I., actA was induced by addition of 0.4 mM ATc, and fixation and staining of intracellular Listeria performed after 15, 30, 45, 60 and 90 min. Actin recruitment was further quantified visually by counting a representative number of cells (>30) to calculate the relative actin coverage at the indicated time points.
Statistical analysis
All experiments were performed in triplicates and analyses with Student s t-test using Graph Pad Prism software. Significant differences were defined by either P < 0.05 (*) or P < 0.01 (**). For infection assays and labeling experiments, three different experiments were performed and representative figures were used.
